It was shown by Young (1947) and by Boyland & Wolf (1950) that rats convert phenanthrene into trans -9,10 -dihydro-9,10 -dihydroxyphenanthrene; the latter workers further showed that rabbits convert phenanthrene into this compound and also into trans-1,2-dihydro-1,2-dihydroxyphenanthrene. Bergel & Pschorr (1903) had found that phenanthrene causes an increased excretion of glucuronic acid conjugates. In the present work it was found that the above compounds, together with trans-3,4-dihydro-3,4-dihydroxyphenanthrene, are excreted both free and conjugated with glucuronic acid in animals of both species. Glucuronic acid conjugates of hydroxyphenanthrenes and of dihydroxyphenanthrenes are also present.
MATERIALS AND METHODS
Melting points. These are uncorrected. Materials. The preparations of 1-, 2-, 3-, 4-and 9-hydroxyphenanthrene and their methyl ethers, of 1,2-and 3,4-dihydroxyphenanthrene and their monomethyl ethers, and of (+ )-tran8-9, 10-dihydro-9, 10-dihydroxyphenanthrene, have been described by Sims (1962) . cis-9,10-Dihydro-9,10-dihydroxyphenanthrene was prepared by the oxidation of phenanthrene with osmic acid by the method of Criegee, Marchand & Wannowius (1942) .
Chromatography. Paper chromatography (in solvents 1 and 2, Table 1 ) and the thin-layer chromatography used in the detection of the hydroxyphenanthrene ana 'he monomethyl ethers of the dihydroxyphenanthrenes w,tr carried out as described by Sims (1962) . The dihydrodihydroxy compounds (Table 2) were detected on thin-layer chromatograms, prepared from siliea gel G and developed with benzene containing 5% (v/v) of ethanol, by spraying the chromatograms with 1ON-HCI, heating at 850 for 15 min. and then spraying with 2,6-dichloroquinonechloroimide and Na2CO3 (Sims, 1962) . The dihydrodihydroxy compounds were also examined on two-dimensional thin-layer chromatograms which were developed in the first direction with benzene containing 5% (v/v) of ethanol, sprayed with 1ON-HCI and heated at 850 for 15 min. and then developed in the second direction with benzene. Phenanthrene was identified on thin-layer chromatograms, prepared from silica gel G, which were developed with n-hexane containing 5% (v/v) of benzene, by its violet fluorescence in u.v. light and by the purple colour given with the tetracyanoethylene reagent of Tarbell & Huang (1959) .
Hydrolysis of dihydrodihydroxy compounds and glucosiduronic acids. The dihydrodihydroxy compounds were heated with 5N-HCl at 1000 for 10 min., and the products were extracted from the cooled solutions with ether and examined for hydroxyphenanthrenes on thin-layer chromatograms. Glucosiduronic acids were heated with 5N-HCI at 1000 for 30 min. and the acetyl derivatives of these acids were heated under reflux with ethanol-HCl (1: 1, v/v) for 30 min. The products were extracted and chromatographed.
The glucosiduronic acids were hydrolysed with ,-glucuronidase, by using either Ketodase (Warner-Chilcott Laboratories) in 0-M-acetate buffer (pH 5-0) or bacterial ,B-glucuronidase (Sigma Chemical Co.) in -O M-phosphate buffer (pH 6-0). The mixtures were incubated overnight at 370 and extracted with ether, and the products were either examined on thin-layer chromatograms or treated as described below.
The acetyl methyl ester derivatives of the glucosiduronic acids were hydrolysed to the parent acids as described by Bollenback, Long, Benjamin & Lindquist (1955) , by suspension in a 10% excess of 04N-barium methoxide in methanol and keeping the mixtures overnight at room temperature. The precipitated barium salts were filtered off, washed with methanol and treated as described below.
Animal experiments. The fractions containing the dihydrodihydroxy compounds and the glucosiduronic acids obtained from rabbits and rats dosed with phenanthrene (Sims, 1962) were used.
RESULTS

Examination of the dihydrodihydroxyphenanthrene fractions from rabbits
The combined fractions formed a brown, partly crystalline mass (520 mg.) which, by two-dimensional acid-treated thin-layer chromatograms, was found to contain three substances that gave rise to compounds indistinguishable from 9-hydroxyphenanthrene, 1-and 2-hydroxyphenanthrene, and 3-and 4-hydroxyphenanthrene respectively. The first of these substances was indistinguishable on paper and thin-layer chromatograms from synthetic trans-9,10-dihydro-9,10-dihydroxyphenanthrene, but the corresponding cis-compound could not be detected.
The mixture of crystals and gum was dissolved in the minimum amount of boiling benzene and treated with charcoal. The filtered solution was allowed to cool, when (+) -trans -9,10 -dihydro -9,10 -dihydroxyphenanthrene (200 mg.) acetylation with acetic anhydride in pyridine, a diacetate which separated from ethanol in plates, m.p. and mixed m.p. 173°. The mother liquors were passed through a column prepared from silica gel G (60 g.) and Hyflo Super-Cel (30 g.) which was developed with benzene containing 3 % (v/v) of ethanol. Fractions of 30 ml. were collected and examined for dihydrodihydroxy compounds on thin-layer chromatograms. Fractions 4-10, containing tran8-9,10-dihydro-9,10-dihydroxyphenanthrene, were combined and evaporated, and the residue was recrystallized from benzene to yield the (+ )-isomer in needles (35 mg.), m.p. and mixed m.p. 1870. The filtrate was evaporated and the residue acetylated with acetic anhydride in pyridine to yield a substance (15 mg.), separating from ethanol in plates, m.p. 126-1280, [D] 4 + 106+20 (c 0-5 in CHC13) (Found: C, 72-6; H, 5-6. Calc. for C18H1804: C, 72-9; H, 5-4%), which appeared to be a mixture of (+)-and (+)-tran8-9,10-diacetoxy-9,10-dihydrophenanthrene since only 9-hydroxyphenanthrene could be detected on thin-layer chromatograms after hydrolysis with acid.
Fractions 11 and 12 contained tran8-9,10-dihydro-9,10-dihydroxyphenanthrene and tran8-1,2-dihydro-1,2-dihydroxyphenanthrene, but fractions 13-23 contained only the 1,2-isomer. These fractions were combined and evaporated, and the residue was recrystallized three times from benzene to yield a product (65 mg.) which appeared to be a mixture of (-)-and (+ )-tran8-1,2-dihydro-1,2-dihydroxyphenanthrene, forming thick needles, m.p. 156-1580, [OC] 27 -33+60 (cO-5inethanol) (Found: C, 79-3; H, 5-8. Calc. for CH4H1202:
C, 79-2; H, 5-7 %). The product was acetylated with acetic anhydride to yield a diacetate which separated from aq. -0 00
Co Ch 0 the products described by Boyland & Wolf (1950) are also mixtures. The dihydrodihydroxy compound and the diacetates all yielded compounds indistinguishable from 1-and 2-hydroxyphenanthrene on thin-layer chromatograms after hydrolysis with acid. Fractions 24-27 contained tran8-1,2-dihydro-1,2-dihydroxyphenanthrene and a product believed to be tran8-3,4-dihydro-3,4-dihydroxyphenanthrene, but attempts to separate the products by fractional crystallization were unsuccessful. Fractions 28-37 were combined and evaporated to a small volume when a substance (85 mg.) separated. The substance was recrystallized from benzene in lightbrown plates, m.p. 1520 (Found: C, 42-3; H, 5.4%. Calc. for C7H,,N403: C, 42-2; H, 5.6%). Since it showednolightabsorption in ethanol above 230 mu it was presumed not to be a phenanthrene metabolite and was not examined further. The mother liquors contained the compound believed to be tran8-3,4-dihydro-3,4-dihydroxyphenanthrene but attempts to obtain a crystalline product were unsuccessful. The gummy product yielded compounds indistinguishable from 3-and 4-hydroxyphenanthrene on thin-layer chromatograms after hydrolysis with acid, and from the size of the spots on the chromatogram there appeared to be more of the 3-than of the 4-isomer. The absorption spectrum of the dihydrodihydroxy compound resembled that of a product, described below, which is believed to be a derivative of a glucuronic acid conjugate of the dihydrodihydroxy compound.
Examination of the dihydrodihydroxyphenanthrene fractions from rats
The combined fractions were evaporated to yield a mixture (800 mg.) of a crystalline solid and a dark-brown gum. The crystals were separated, washed several times with benzene and recrystallized twice from benzene to yield (± )-trans-9,10-dihydro-9,10-dihydroxyphenanthrene (600 mg.) in silky needles, m.p. and mixed m.p. 187°, which formed a diacetate in plates from ethanol, m.p. and mixed m.p. 1730. The gum and the benzene washings were combined and chromatographed on a silica gel G-Hyflo SuperCel column as above. Fractions 3-11, which contained trans-9,10-dihydro-9,10-dihydroxyphenanthrene, were combined and evaporated to a jelly which was dissolved in pyridine and acetylated with acetic anhydride. The product was fractionally crystallized from aq. ethanol to yield a less btained by Booth, Boyland & Turner (1950) requires C, 72-9; H, 5.4%). Both compounds yielded substances indistinguishable from 1-and 2-hydroxyphenanthrene on thin-layer chromatograms after acid hydrolysis. Fractions 30-36 contained small amounts of the product believed to be tran8-3,4-dihydro-3,4-dihydroxyphenanthrene. It formed a gum which was indistinguishable on a thin-layer chromatogram from the product obtained from rabbit urine and yielded compounds indistinguishable from 3-and 4-hydroxyphenanthrene on thin-layer chromatograms.
Examination of the glucosiduronic acid fractions from rabbits
The combined glucosiduronic acid fractions formed a dark-brown gum (10 g.) which was dissolved in methanol and treated with an excess of diazomethane in ether. The solvent was removed under reduced pressure, and the residue was dissolved in pyridine (250 ml.) and the solution cooled to 00 while acetic anhydride (25 ml.) was added with stirring during 30 min. The mixture was kept overnight and poured into water (3 1.). The solid mixture of acetyl derivatives was dried at room temperature and fractionally crystallized fromethanol as outlined in Scheme 1 to give the following products.
Product A. This was identified as (+ )-methyl (9-acetoxy-9,10-dihydro-10-phenanthryltri-O-acetyl-D-glucosid)uronate, which crystallized from ethanol in long needles (1-8 g.), m.p. 2470, [,X]24+65±80 (c 0-5 in CHC13) (Found: C, 60-8; H, 5-1. C29H30012 requires C, 61-05; H, 5.3%). Only 9-hydroxyphenanthrene was detected in thin-layer chromatograms after hydrolysis with ethanol-HCl. The derivative (1-5 g.) was hydrolysed with barium methoxide in methanol to yield (+ )-trans-9,10-dihydro-9-hydroxy-10-phenanthrylglucosiduronic acid (0-35 g.), which was dissolved in the minimum amount of aq. 2 N-NH3. The solution was washed with ether, and the free acid was precipitated with HCI and crystallized from water in small colourless needles, which turned pink on exposure to air, m.p. 2220 (decomp.), [oc] 24 +185±60 (c 0-5 in 0-1N-NaOH) (Found, after drying at 1000 and 10 mm. for 1 hr.: C, 59-3; H, 5-6; C20H2008,H20 requires C, 59-1; H, 5-5%). The acid (250 mg.) was hydrolysed with glucuronidase to yield a compound presumed to be (-)-trans-9,10-dihydro-9,10-dihydroxyphenanthrene as a yellow powder (45 mg.), m.p. 160-1620, which separated from water, ethanol and benzene in jellies as described by Booth et al. (1950) for the synthetic isomer. The product gave a spot with the same properties as those of the synthetic racemate on thin-layer chromatograms and yielded a compound indistinguishable from 9-hydroxyphenanthrene after acid hydrolysis. Acetylation of the isomer with acetic anhydride in pyridine yielded ( + )-9,10-diacetyl-9,10-dihydrophenanthrene, which separated from aq. ethanol in prismatic needles, m.p. 1190, undepressed after admixture with the isomer described above, [oc]22+256±60 (c 0-5 in ethanol) (Found: C, 72-7; H, 5-6. Calc. for C18H1604: C, 72-9; H, 5-4%).
Product B. This appeared to consist mainly of( -)-methyl (9-acetoxy-9,10-dihydro-10-phenanthryltri-0-acetyl-Dglucosid)uronate (1-1 g.), which after four recrystallizations from ethanol formed clusters of plates, m.p. 162-163°, Vol. 84 573 D 180±40 (c 0-5 in CHC13) (Found: C, 60-9; H, 5.4%).
The properties of the pure compound are described by Boyland & Sims (1962b) . After hydrolysis with ethanolHCl a compound was detected which was indistinguishable from 9-hydroxyphenanthrene on thin-layer chromatograms, and the presence of glucuronic acid in the hydrolysate was shown by the naphtharesorcinol test. The compound (1 g.) was hydrolysed with barium methoxide in methanol to yield (-)-trans-9,10-dihydro-9-hydroxy-10-phenanthrylglucosiduronic acid (0-4 g.), which was purified as described for the ( + )-isomer and was recrystallized from water in plates, m.p. 1700 (decomp.), [OC] 2 -327 ± 100 (c 0-5 in 0 1 N-NaOH) (Found, after drying at 1000 and 10 mm.
for 1 hr.: C, 59-6; H, 5.8% Both of the isomeric glucosiduronic acids gave rise to 9-hydroxyphenanthrene and a product which appeared to be 9-phenanthrylglucosiduronic acid when heated at 600 for 10 min. with 2N-HCI. The product was obtained as a gum by eluting with methanol containing 5% (v/v) of aq. NH3 (sp.gr. 0-88) the appropriate spots from paper chromatograms developed with solvent 1 and it yielded a compound indistinguishable from 9-hydroxyphenanthrene both on hydrolysis with acid and with glucuronidase.
Product C. This was recrystallized from ethanol to yield (Found: C, 61-2; H, 5.2%). When a few milligrams of the derivative were hydrolysed with barium methoxide in methanol the product was presumed to be the corresponding glucosiduronic acid and gave compounds indistinguishable from 3-and 4-hydroxyphenanthrene on thin-layer chromatograms after hydrolysis with acid. When the product was hydrolysed by heating with 2N-HCI at 60°f or 10 min., 3-hydroxyphenanthrene was formed together with a product which from its properties on paper chromatograms appeared to be 4-phenanthrylglucosiduronic acid. Product F. This appeared to be methyl (2-methoxy-1-phenanthryltri-O-acetyl-D-gluco8id)uronate and it separated from ethanol in needles (210 mg.), m.p. 2220, [aC] 27 -25 +40 (c 0.5 in CHC,3) (Found: C, 62-3; H, 5-25. C28H28011 requires C, 62-2; H, 5-2%). The derivative (100 mg.) was hydrolysed by heating with ethanol-HlI and the product which separated on cooling was recrystallized from aq.
ethanol to yield 1-hydroxy-2-methoxyphenanthrene (25 mg.) in grey plates, m.p. 1130, undepressed in admixture with the product obtained by Sims (1962) . Methylation with methyl sulphate in 2N-NaOH gave 1,2-dimethoxyphenanthrene, m.p. and mixed m.p. 100 1010. The methylation of the 2-hydroxy group in the glucosiduronic acid was presumably brought about by the action of diazomethane in the preparation of the crude mixtures of derivatives. There was no evidence that the methylation occurred in the body. Product G. This was shown to be methyl (2-phenanthryltri-O-acetyl-D-gluco8id)uronate, which separated from aq. 
Examination of the non-cry8talline
residue8 from the fractionation
The gums were combined and dissolved in excess of methanol containing barium methoxide and kept at room temperature. After 24 hr. the precipitated barium salts were filtered off, washed with methanol, suspended in water (500 ml.), and an excess of HCI was added. The glucosiduronic acids were separated from the solution with charcoal to yield a mixture of ammonium salts. A little of the mixture was hydrolysed by heating with acid and the hydrolysis products were examined on thin-layer chromatograms, when compounds indistinguishable from 1-, 2-, 3-, 4-and 9-hydroxyphenanthrene, 1-hydroxy-2-methoxyphenanthrene and 9,10-phenanthraquinone were detected. About 5 g. of the mixture was hydrolysed with glucuronidase to yield a gum (800 mg.). The gum was dissolved in benzene and chromatographed on a silica gel G-Hyflo Super-Cel column, fractions of 30 ml. being collected.
Fractions 3 and 4 were combined and evaporated to yield 1-hydroxy-2-methoxyphenanthrene (20 mg.) 
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At this point the solvent was changed to benzene containing 0-5% (v/v) of ethanol and fractions 26-28 were combined and evaporated to yield 9,10-phenanthraquinone (22 mg.), m.p. and mixed m.p. 204-205'. After 36 fractions had been collected, the solvent was changed to benzene containing 5 % (v/v) of ethanol and fractions of 40 ml. were collected. Fraction 39, which contained the material forming a dark band on the column, yielded a number of unidentified substances which gave blue colours on thinlayer chromatograms sprayed with the 2,6-dichloroquinonechloroimide and aq. Na2CO3 reagent. Fractions 40 and 41 yielded (±)-tran8-9,10-dihydro-9,10-dihydroxyphenanthrene (15 mg.), which separated from benzene in needles, m.p. and mixed m.p. 187°; fractions 42 and 43 yielded a mixture of (+ )-and (-)-tran8-1,2-dihydro-1,2-dihydroxyphenanthrene (32 mg.) as needles, m.p. 150-154°; and fractions 45 and 46 yielded a gum (10 mg.) which appeared to be mainly trans-3,4-dihydro-3,4-dihydroxyphenanthrene when examined on thin-layer chromatograms. The acid hydrolysis of the last three products yielded compounds indistinguishable from 9-hydroxyphenanthrene, 1-and 2-hydroxyphenanthrene, and 3-and 4-hydroxyphenanthrene respectively.
Examination of the urine of rabbits for products released by the action of hydrolytic reagents About 100 mg. of the gum obtained by treating the urine of rabbits dosed with phenanthrene with charcoal as described by Sims (1962) was applied to four sheets of Whatman no. 3MM chromatography paper and the chromatograms were developed with solvent 1. The dried chromatograms were each cut into ten strips each of about the same width, the actual position of the cuts being determined by the positions of fluorescent bands seen in u.v. light. The absorbed materials were eluted with methanol containing 5% of aq. NH3 (sp.gr. 0.88). The eluates were evaporated under reduced pressure and examined on paper chromatograms. Fraction 1 contained 1-, 2-, 3-, 4-and 9-hydroxyphenanthrene and fraction 7 no metabolites. Samples from the other fractions were dissolved in water and treated with one or more of the following reagents: cold 5N-HCI; HCI at 100°for 15 min.; sulphatase (Sims, 1962) ; glucuronidase; diazomethane in ether followed by the hydrolysis of the products with HCI at 100°for 15 min. The solutions were extracted with ether and the ether-soluble products examined on thin-layer chromatograms to give the results shown in Table 3 . These confirm the presence of the metabolites described above and indicate the presence of small amounts of 3-hydroxy-4-phenanthrylglucosiduronic acid in the glucurosiduronic acid fractions. Although most of the phenanthrene liberated in the urine by mineral acid arises from the decomposition of mercapturic acids, a small amount appears to arise from the decomposition of a substance present in the glucosiduronic acid fractions. When the products from the hydrolyses of these fractions with glucuronidase were chromatographed on two-dimensional thin-layer chromatograms developed first with either benzene or benzene containing 5 % of ethanol, sprayed with 2 N-HCI and allowed to dry at room temperature, and then developed in the second direction with n-hexane containing 5% (v/v) of benzene, phenanthrene could be detected, evidently arising from the acid decomposition of a precursor.
Examination of the gluCosiduronic acid fractions from rats
The combined glucosiduronic acid fractions formed a dark-brown gum (12 g.) which was methylated and acetylated and the products fractionally crystallized from ethanol to yield: (1) (+ )-methyl (9-acetoxy-9,10-dihydro-10-phenanthryltri-O-acetyl-D-glucosid)uronate (2-1 g.), as long needles from ethanol, m.p. alone and when mixed with the product from rabbits, 2470, [oc] 26 +71±20 (c 0-5 in CHC13) (Found: C, 60-9; H, 5-1. Calc. for C29H30012: C, 61-05; H, 5.3%); (2) (-)-methyl (9-acetoxy-9,10-dihydro-10-phenanthryltri-O-acetyl-D-glucosid)uronate, which was recrystallized three times from ethanol, when it separated in clusters of plates (1-2 When these products were hydrolysed with barium methoxide in methanol, glucosiduronic acids were obtained, indistinguishable in their chemical and chromatographic properties from the products obtained by the hydrolyses of the corresponding derivatives from rabbits. The hydrolyses of the glucosiduronic acids with glucuronidase similarly yielded the corresponding dihydrodihydroxy compounds.
The gummy residues from the fractional crystallizations were hydrolysed with barium methoxide in methanol and the resultant mixture of glucosiduronic acids was treated with glucuronidase. Examination of the products on thinlayer chromatograms revealed compounds indistinguishable from 1-, 2-, 3-and 4-hydroxyphenanthrene, tran8-9,10-dihydro-9,10-dihydroxy, tran8-1,2 -dihydro-1,2 -dihydroxyand trans -3,4-dihydro-3,4 -dihydroxy-phenanthrene, 1-hydroxy-2-methoxyphenanthrene, and small amounts of 2-hydroxy-1-methoxy-and 4-hydroxy-3-methoxy-phenanthrene, and 9,10-phenanthraquinone.
On one occasion, a product was isolated during the fractional crystallization of the methylated and acetylated mixture of glucosiduronic acids from the urine of rats which appeared to be (+ )-methyl (9,10-dihydro-9-methoxy-10-phenanthryltri-O-acetyl-D-glucosid)uronate (85 mg.), separating from ethanol in needles, m.p. 1780, [L]24+36±50 (c 0-5 in CHC13) (Found: C, 62-0; H, 5-6. C28H30O11requires C, 62-0; H, 5-6 %). The derivatives yielded a product indistinguishable from 9-hydroxyphenanthrene on thin-layer chromatograms and the mother liquors gave a positive naphtharesorcinol test for glucuronic acid. It presumably arose from the corresponding glucosiduronic acid during the methylation of the crude glucosiduronic acid fraction with diazomethane.
DISCUSSION
The products of the metabolism of phenanthrene, isolated or identified in the present work, are set out in Scheme 2. The light-absorption data (Table 4) All the metabolites could have arisen in the body through three intermediates of the type suggested by , 9,10-epoxy-9,10-dihydro-, 1,2-epoxy-1,2-dihydro-and 3,4-epoxy-3,4-dihydro-phenanthrene. The formation of these intermediates in the body has yet to be proved with phenanthrene, but previous work (Boyland & Sims, 1960) indicates that, for 1,2-dihydronaphthalene, epoxidation of the olefinic 3,4-bond is the initial metabolic step. The insecticide, Heptachlor, is converted into a chemically inactive epoxide in dogs and rats (Davidow & Radomski, 1953) . If, in phenanthrene metabolism, the postulated epoxide intermediates undergo one of the four types of reaction described below, the formation of the observed pattern of metabolic products can be explained.
(1) Reaction8 with the thiol group8 of glutathione.
The reaction would presumably be catalysed by the enzyme found in the livers of rats and other animals (Booth, Boyland & Sims, 1961; Combes & Stakelum, 1961) . The conversion of glutathione conjugates into mercapturic acids by liver slices and homogenates (Bray, Franklin & James, 1959) and by kidney slices and homogenates (Booth, Boyland & Sims, 1960) , and the presence of the intermediate cysteinylglycine and cysteine conjugates in the biles of animals treated with naphthalene (Boylan4l, Ramsay & Sims, 1961) and with phenanthrene (Boyland & Sims, 1962a) , have been described. The fact that rabbits and rats treated with phenanthrene excrete only one of the diastereoisomeric forms of the mercapturic acid is further evidence that the glutathione conjugate is formed in an enzymic reaction.
(2) Reaction8 with water to yield dihydrodihydroxy compound8. There is, as yet, no direct evidence to show whether or not the dihydrodihydroxy compounds are formed in enzymic reactions. Although a non-enzymic reaction of an epoxide with water should yield the ( ± )-dihydrodihydroxy compound, it has been found that with phenanthrene, as with 1962 578
.ON Table 4 . Ultraviolet ab8orption of some dihydrodihydroxy compound8 and related gluco8iduronic acid8 derived from phenanthrene Measurements were made in ethanol solution except for the free glucosiduronic acids which were made in water with a Perkin-Elmer model 137 ultraviolet spectrophotometer. With compounds where more than one optically active form was available, the measurements are those made on the (+ )-isomer: these were identical with those on the (-)-and, where available, the (+ )-isomer.
Compound (+ )-trans-9,10-Dihydro-9,10-dihydroxyphenanthrene* (+ )-tra8-9,10-Diacetoxy-9,10-dihydrophenanthrene* ( +)-9,10-Dihydro-9-hydroxy-10-phenanthrylglucosiduronic acid* (+ )-Methyl (9-acetoxy-9,10-dihydro-10-phenanthryltri-O-acetyl-D-g UC08id)uronate* (+ )-Methyl (9,10-dihydro-9-methoxy-10-phenanthryltri-O-acetyl-D-glucosid)uronate* (+ )-tran8-1,2-Dihydro-9,10-dihydroxyphenanthrene
Substance, probably trans-3,4-dihydro-3,4-dihydroxyphenanthrene other hydrocarbons, both optically active isomers of the dihydrodihydroxy compounds are normally present in the urines of treated animals, although there is often a small excess of one of the forms. Thus, with naphthalene, rabbits excrete an excess of the (+ )-form (Booth & Boyland, 1949) , rats an excess of the (-)-form (Young, 1947) and guinea pigs (Corner & Young, 1954) only the (-)-form of tran8-1,2-dihydro-1,2-dihydroxynaphthalene. With phenanthene, both rabbits and rats excrete small excesses of the (-)-form of tran8-9,10-dihydro-9,10-dihydroxyphenanthrene.The dihydroxy compounds can, however, undergo other reactions in the body. Thus, for example, they (or, less likely, their sulphuric acid or glucuronic acid conjugates) are dehydrogenated to dihydroxy compounds. The dehydrogenation of trans-9,10-dihydro-9,10-dihydroxyphenanthrene is described by Boyland & Sims (1962b) , who also showed that although the (+)-isomer was administered to rats more of the (-)-than of the (+ )-isomer and their derivatives were recovered from the urine. This suggests that the (+ )-isomer is more readily dehydrogenated than the (-)-isomer, and would account for the presence of an excess of the latter form in the urine of animals given phenanthrene. The present results show that relatively large amounts of 1,2-dihydroxyphenanthrene conjugates, presumably arising from the dehydrogenation of trans-1,2-dihydro-1,2-dihydroxyphenanthrene, are formed, whereas only traces of 3,4-dihydroxyphenanthrene conjugates could be detected, probably because only relatively small amounts of the precursor, trans-3,4-dihydro-3,4-dihydroxyphenanthrene, are formed in the body. Positional isomerism in the conjugates of the dihydrodihydroxy and of the dihydroxy compounds is possible. Thus, for example, although the glucuronic acid conjugates of trans-1,2-dihydro-1,2-dihydroxyphenanthrene isolated are believed to be the 1-conjugates, it is probable that 2-conjugates are also present: the 2-glucuronic acid conjugate of tran8-1,2-dihydro-1,2-dihydroxynaphthalene has been isolated . It has been postulated (Corner & Young, 1955; that, with naphthalene, some of the naphthols and their conjugates present in the urines of treated animals arise from the breakdown of conjugates (probably the sulphuric esters) of the dihydrodihydroxy compound, the nature of the products depending on the position of the conjugating group. With the exception of trans-9,10-dihydro-9,10-dihydroxyphenanthrene, the dihydrodihydroxy compounds derived from phenanthrene yield mixtures of hydroxyphenanthrenes on acid hydrolysis, but it is possible that the breakdown of the Vol. 84 579 E. BOYLAND AND P. SIMS conjugates of the dihydrodihydroxy compounds would yield mixtures containing different proportions of the hydroxy compounds. Although 1-naphthol and its conjugates are present in the urine of animals dosed with naphthalene, only free 2-naphthol has been detected in these urines, and, in experiments in which the hydrocarbon was incubated with the microsomal hydroxylating system, 1-, but not 2-naphthol, was formed (Mitoma, Posner, Reitz & Udenfriend, 1956; Booth & Boyland, 1958) . With phenanthrene, however, sulphuric acid and glucuronic acid conjugates of 1-, 2-, 3-and 4-hydroxyphenanthrene were found, which suggests that these hydroxy compounds arise, at least in part, by a different process from that yielding 2-naphthol, possibly by the mechanism discussed below.
The dihydrodihydroxy compounds derived from the metabolism of aromatic hydrocarbons usually have the trans configuration, which is not unexpected if they arise from the opening of an epoxide ring. With phenanthrene, no evidence could be obtained for the formation of cis-9,10-dihydro-9,10-dihydroxyphenanthrene or of its conjugates in the body. From the urine of the animals dosed with indene, however, Brooks & Young (1956) isolated both c8-and tran8-isomers of 1,2-dihydro-1,2-dihydroxyindane:indeneepoxide is exceptional in that it yields a mixture of the two isomers with water.
(3) Reductions to yield dihydrohydroxy compounds. 1,2-Dihydro-l-naphthylglucosiduronic acid, which yields naphthalene with mineral acid, is present in the urine of rabbits and rats dosed with naphthalene (Boyland & Solomon, 1955) , and its triacetyl methyl ester derivative is the only example of a compound of this type to be isolated, although Chang & Young (1943) showed that the urines of animals dosedwith anthracene or with phenanthrene also contained compounds from which the parent hydrocarbon was liberated with mineral acid. Although it has now been shown that most of the phenanthrene which is liberated when the urine of treated animals is acidified arises from the breakdown of mercapturic acids and related compounds, at least one other acid-labile precursor of phenanthrene has been detected. This is present in the glucosiduronic acid fraction from the urine of treated animals, from which it is liberated by glucuronidase, and both the parent compound and its glucuronic acid conjugate are readily broken down by cold mineral acid to yield phenanthrene just as the product obtained by Boyland & Solomon (1955) yields naphthalene. It seems likely, therefore, that both naphthalene and phenanthrene metabolites have analogous structures, the phenanthrene metabolite possibly being 9,10-dihydro-9-phenanthrylglucosiduronic acid. Although it was originally postulated that 1,2-dihydro-1-hydroxynaphthalene arose by the hydroxylation of 1,2-dihydronaphthalene formed by the reduction of naphthalene in the body (Boyland & Solomon, 1955) (1961) , which showed that in the hydroxylation of acetanilide in the microsomal enzyme system the oxygen introduced is derived from molecular oxygen, whereas the hydrogen is not derived from the water of the hydroxylating system, is also in accord with the suggested rearrangement.
If trans -9,10 -dihydro -9,10 -dihydroxyphenan-1962 580 threne and 9-hydroxyphenanthrene the energy gain is relatively small, whereas that between the corresponding benzene derivatives is high and those between tran8-1,2-dihydro-1,2-dihydroxynaphthalene and 1-naphthol and between tran8-1.2-dihydro-1,2-dihydroxyphenanthreneand 1-hydroxyphenanthrene have intermediate values. The energy gains with respect to the rearrangement of the epoxides to the corresponding phenols should be higher than those described above, but it is reasonable to suppose that in both cases the relative orders of magnitude between the derivatives of the various hydrocarbons are the same. Boyland & Wolf (1950) have shown that, in the dehydration reaction, c8-9,10-dihydro-9,10-dihydroxyphenanthrene is more reactive than the tran8-isomer, which suggests that the values for the energy gains related to the c8-isomers should lie between the epoxides and the tran8s-isomers. The stabilities of the epoxides with respect to their rearrangements to phenols should be reflected in the nature of the metabolic products observed. Thus, with benzene, where the related epoxide should be relatively labile, phenol but no dihydrodihydroxy compounds are formed either by rabbits (Tomida & Nakajima, 1960) or by the microsomal hydroxylating system , and only small amounts of a mercapturic acid appear (Zbarsky & Young, 1943; Parke & Williams, 1953) . No values of the energy differences are available for the halobenzenes, but the presence of the halogen atoms should have a profound effect on the stabilities of any epoxides formed. The metabolic reactions on the 1,2-bonds of naphthalene and of phenanthrene yield the expected mixtures of phenols, dihydrodihydroxy compounds and mercapturic acids. 9,10-Epoxy-9,10-dihydrophenanthrene should be relatively stable so that the observed absence of appreciable amounts of the conjugates of 9-hydroxyphenanthrene is not unexpected.
The values calculated by Pullman & Pullman (1955) for the bonds which are associated with hydroxylation in the body of the carcinogenic hydrocarbons are similar to that of benzene, so that mainly phenols would be expected. No values have been calculated for the bonds of the 'K regions'; chemically these bonds are equivalent to the 9,10-bond of phenanthrene, and hydroxylations of the 'K regions' bonds of the higher aromatic hydrocarbons in the body have not been observed. Epoxides formed on these bonds may be relatively stable and could react with other tissue constituents such as the amino groups of proteins rather than with water to form dihydrodihydroxy compounds which would be excreted. The calculations also indicate that the sulphuric ester of tran8-9,10-dihydro-9,10-dihydroxyphenanthrene should be more stable than that of tran8-1,2-dihydro-1,2-dihydroxynaphthalene with respect to their breakdown to aromatic compounds: this is so (Boyland & Sims, 1962b) .
If the phenols do arise by the rearrangement discussed above, then it is possible in many cases for two phenols to be formed from one epoxide, depending on the direction in which the oxiran ring opens. Thus, with naphthalene, where it appears (for the reasons discussed above) that 1-naphthol is the only phenolic product formed initially in the body, the oxiran ring must open in one direction only, whereas, with phenanthrene, where 1-, 2-, 3-and 4-hydroxyphenanthrene are formed, opening of the oxiran ring in both directions must be postulated. The fact that with naphthalene only one mercapturic acid is formed in the body, whereas phenanthrene yields a mixture of isomeric mercapturic acids, is in accord with this hypothesis. Whereas tran8-1,2-dihydro-1,2-dihydroxynaphthalene yields mainly 1-naphthol in the dehydration reaction, trane8-1,2-dihydro-1,2-dihydroxyphenanthrene yields about equal amounts of 1-and 2-hydroxyphenanthrene, and tran8-3,4-dihydro-3,4-dihydroxyphenanthrene more 3-than 4-hydroxyphenanthrene.
If the initial step in the metabolism of the aromatic hydrocarbon involves the enzymic addition of oxygen then the ease with which this occurs should depend on the bond order of the bond under attack and on steric factors which might effect the positioning of the aromatic molecule on the enzyme. With phenanthrene, metabolic reaction has been shown to occur on the 9,10-, the 1,2-and the 3,4-bonds, which are in fact the bonds with the highest bond orders in the molecule (see, for example, Badger, 1954) . There is no evidence of any reaction on the 2,3-bond although 2-and 3-hydroxyphenanthrene could be formed by the rearrangement of an epoxide on this bond. Because of the diverse reactions described above which the primary products undergo, it is difficult to assess the relative amounts of these products formed from phenanthrene in the body, but the results indicate that more reaction occurs on the 9,10-and 1,2-bonds than on the 3,4-bond. If bond order were the only factor involved, then more reaction on the 9,10-than on the 1,2-and 3,4-bonds with about equal amounts of reactions on the last two bonds might be expected. The free-valence number of the 9-position is higher than those of the other positions, so that if the hydroxyphenanthrenes and their conjugates found in the urine of treated animals arose from reactions involving direct hydroxylation of the phenanthrene nucleus, 9-hydroxyphenanthrene and its conjugates should be the major products.
Although previous work has suggested that there Vol. 84 581
